This paper presents optimization of the hot air welding process parameters for the formation of textile transmission lines and the electro-conductive properties of these manufactured transmission lines. A dedicated manufacturing set-up has been developed to allow a reliable and flexible textile signal transmission line at adequate conductivity. In order to manufacture textile transmission lines, different welding parameters with different conductive yarns and welding tapes were considered. Layered fabric structures consisting of textile transmission lines and fabrication tolerances were determined, as well as electro-conductive properties for welded samples. It was found that the choice of welding parameters, depending on the materials used for the formation of textile transmission lines, is extremely important for obtaining good electro-conductive properties. In addition, welding tapes and thermoplastic materials play an important role during the set-up of welding process parameters. Results statistically confirmed that welding tapes with conductive yarns can significantly cause a variety of changes in the signal qualities of welded textile transmission lines. The obtained results based on conductivity and signal-to-noise ratios are really promising for the manufacturing of e-textile transmission lines via hot air welding technology.
Fabrics used for e-textile applications are required to be flexible and elastic in order to achieve a high comfort of wearing while they are designed for clothing or they are desired to have a low resistance to bending and shearing in order to preserve textile aspects while functioning. Depending on the aim of the application, these demands are inconsistent with the materials and construction profiles. However, the main expected criteria of each electronic fabric is to have a form of conductors connecting individual electronic components together that is flexible while satisfying continuous electrical conductivity with reliable signal transmission. [1] [2] [3] In addition, since such interconnections are a path towards supplying power or transmitting digital/ analog signals to electronic components, satisfying reliable electrical transmission among electronic components without any interruption is a crucial issue within an e-textile system. 3, 4 To date different textile technologies have been developed and combined for manufacturing conductive threads over textiles for data transmission, such as direct insertion of conductive yarns during weaving or knitting processes; deposition of electro-conductive Textile Technologies and Design Faculty, Istanbul Technical University, Turkey thin layers on a flat textile surface; overprinting or coating of conductive materials/polymers such as polypyrrole, polyaniline, etc., as well as metal particles, carbon nanotubes and carbon black particles on a flat textile surface; and direct insertion of conductive yarns through sewing or embroidery methods. [5] [6] [7] [8] [9] During the construction stages of textile transmission lines, textiles are subjected to numerous mechanical stresses, which can lead to failure of the line in terms of resistivity and signal transmission. The value of this failure can either decrease the quality of signal transmission or further result in failure of the whole e-textile system. In this context, to apply an insulating layer on these conductive threads can be a possible solution for protecting the transmission line from the several forces acting on them. In addition, these insulated signal transmission lines are able to withstand typical textile handling, such as washing, or when they are subjected to water or wrinkling damage, resistance to abrasion, etc., these insulated layers may even result in preventing probable short circuits during electrical transmission. 10, 11 For industrial applications, methods such as coating, screen printing, ink-jet printing and various thin-film deposition techniques are suggested in the literature for producing conductive threads with such insulated layers. [12] [13] [14] However, no attention has been paid to using welding and bonding techniques for the manufacture of textile signal lines.
The most used welding and bonding technologies for textiles are hot air fabric and hot wedge fabric welding, ultrasonic, laser and radio frequency welding. [15] [16] [17] [18] [19] In the textile arena, two techniques are used to obtain welded seams. In the first technique, a thermoplastic film is used to bond two fabrics together while, in the second one, two thermoplastic fabrics are brought together to stick on each other with the principle based on molecular interlocking of the two surfaces that are in contact with each other at their melt temperature. 18, 20 When the surfaces are subjected to heat, the stabilities of the polymer molecules within the material are disturbed and, hence, disentanglement of the polymer molecules occurs. This phenomenon, leading the molecules to free the chain ends, prepares a condition for strong adhesion of two materials that are in close contact with each other when they are around their melt temperatures. 15 The literature review concerning weld line formation on textiles mainly focuses on the qualities of the welded seams and it has been reported that the quality of welded seams depends on proper selection of welding parameters (e.g. welding process parameters using hot air: pressure, temperature, velocity) as well as compatibilities of materials with welding techniques. [21] [22] [23] [24] [25] [26] Research is currently being conducted on the formation of a new type of textile transmission line with an insulation layer using hot air welding technologies. In order to manufacture textile transmission lines, different welding parameters with different conductive yarns and welding tapes are considered in order to obtain flexible textile signal transmission lines that are reliable and durable in functionality while preserving the textiles' aspects. The qualities of the welded seams with conductive yarns from various aspects has been discussed using a statistical analysis based on analysis of variance (ANOVA) and the electro-conductive properties of textile transmission lines are assessed based on their electric resistance and signal transference capabilities.
Experimental details
The development of textile transmission lines for e-textile applications includes a design process based on hot air welding technologies. Planning the circuit of the electrical transmission lines is very complex and depends on many parameters. The quality evaluation parameters of conductive transmission lines vary depending on the purposes within the application arena of e-textiles. Basically, the more important properties of the e-textile transmission lines are their electrical properties in terms of conductivity and signal transference quality. If these properties are at the expected levels, then the textile and mechanical properties play important roles in quality evaluation. Thus, in this study those welded textile transmission lines manufactured via the hot air seam sealing method were tested from several aspects for optimization of the process parameters. A systematic approach for optimization of the welding parameters and materials for manufacturing e-textile transmission lines is given in Figure 1 .
Results are presented in this paper of evaluating the electrical properties of manufactured e-textile transmission lines in terms of conductivity and signal quality with the bonding strength, whereas the influence of welding parameters on bending and formability properties, thickness and visual appearances are discussed in Part II with statistical analyses.
Design and manufacturing of textile transmission lines
The research was carried out on a woven plain fabric with a composition ratio of 60% polyethylene terephthalate (PET) and 40% cotton by considering manufacturing issues and compatibilities using the PFAFF 8330 hot air welding machine. The fabric's density in the warp direction was 38 picks/cm and in the weft direction was 26 ends/cm, the thickness was 0.372 mm and the fabric weight was 225.5 g/m 2 . The welding tape WT1 is made from three layers (layer 1-warp knitted fabric, layer 2-waterproof film and layer 3-hot melt adhesive), with a thickness of 0.355 mm and width of 20 mm, while tape WT2 is made from two layers (layer 1-waterproof film and layer 2-hot melt adhesive film), thickness being 0.163 mm and width 20 mm. Both tapes are breathable, waterproof and windproof. The tapes were chosen in order to prevent probable short circuits during signal transmission, as well as for obtaining a water-resistant fabric structure when considering the usage issues of e-textiles.
Commercial conductive yarns were used to create a transmission line in a two-layered fabric structure. The properties of the conductive yarns used for manufacturing the transmission lines are presented in Table 1 .
Textile transmission lines are designed in twolayered fabric constructions, as shown in Figure 2 . The length of the structure is arranged at 30 cm while the width is arranged at 5 cm. The conductive yarns were positioned along a straight trajectory in the middle of the fabric without any undulation. Hence, the transmission line shown in Figure 2 was hidden by the replacement of the conductive yarn between the fabric and welding tape during the manufacturing process.
The intent of our study was to determine whether there is any significant difference between the signal transfer capabilities and conductivities of the textile transmission lines when they are subjected to different welding parameters. Therefore, to limit the number of experimental trials while setting up the manufacturing process in order to find the optimal working process parameters for the fabric samples, firstly pre-work on samples was carried out to see that the application procedure and then different welding parameters within a determined working interval were chosen according to the proposed experimental plan, as shown in Figure 3 . In detail, welding parameters have been mainly chosen according to welding tapes and thermoplastic fabrics. Initially, recommended welding conditions for the usage of the hot air welding machine according to the technical sheets of welding tapes were used, since welding tapes with adhesive layers have a considerable effect on the set-up of welding process parameters. Hence, we tested the initial parameters with an experienced technical person, and then we decided the appropriate welding process parameters for our samples.
As a result, the welding parameters, such as welding pressure, welding speed and welding temperature, were adjusted according to the base fabric used and types of welding tapes. The welding pressure, pressure of hot air and wheel pressure of blow were set up to 0.65, 0.07 and 0.25 MPa, respectively, during the manufacturing process of all samples, while temperature and sealing speed were arranged at two different levels for each welding tape, as shown in Table 2 . The reason for keeping the welding pressure, pressure of hot air and wheel pressure of blow as constants is based on experimental experiences as well as the experts' knowledge and the recommendations of those who use hot air welding technologies.
Some of textile transmission line samples manufactured via a hot air seam welding machine are shown in Figure 4 . As seen in the figure, the conductive yarns used as the transmission line to satisfy signal Figure 2 . Schematic diagram for e-textile structure with a transmission line.
transmission were hidden within the two-layered structure without any undulation. After the welding process, the samples were stabilized for 24 hours within an air conditioned climate chamber before testing.
Testing of welded textile transmission lines
In this study, since the bonding strength of the welded fabric structure is so important before all quality and performance aspects, it was initially tested and evaluated according to standard DIN 54310. In order to test the electrical properties of the textile transmission lines, conductivity measurements and signal analysis with signal-to-noise ratio (SNR) calculations were carried out, since the conductivity and signal transmission qualities are the main relevant parameters for the functioning of e-textiles.
Conductivity measurements. A Keithley
Õ multimeter was used to measure the conductivities of the yarns. The linear resistances of yarns were calculated in ohms per meter (V/m) by taking measurements along the length of yarn samples. The linear resistances of the yarns were measured according to the four-point probe method and each measurement was repeated three times. All the tests were carried out under laboratory conditions (20 C and 65% relative humidity).
Signal analysis and signal-to-noise ratio calculations. During the measurements, a TECO-PIC (from TEKOElektronik Ltd.) experimental kit was initially connected to e-fabric samples to satisfy electrical signal generation over the transmission lines. Then, an oscilloscope (from TEKTRONIX Inc., TDS 2012B) was connected to the transmission lines of the samples in order to observe electrical signal waveforms. Afterwards, the obtained signals over the transmission lines were directly transferred and recorded in the computer for signal analysis. The diagram for the signal measurements is given in Figure 5 . The signals extracted from the oscilloscope were in their raw form, meaning in an unprocessed state, and included substantial electrical noise. In order to make any reasonable comparison of the signal transferring capabilities of those e-fabric samples subjected to different sets of welding processes, the recorded signals were analyzed using MATLAB Õ R2010b software (from MathWorks, Inc.), and their SNR values were calculated.
Signal-to-noise calculation
Essentially, the SNR is the ratio of the signal of interest (signal power) to undesirable signal (noise power). 27 The SNR can be estimated by calculating the ratio of signal power to noise power. In our study, once the signal was recorded, noise level (unwanted signal) and noise amplitude were determined by signal processing in MATLAB Õ (from MathWorks, Inc.). Since the signal and noise were measured in the same impedance, the SNR was obtained by calculating the square of the amplitude ratio, where A is the root mean square amplitude in equation (1) SNR
Generally, the SNRs are expressed in logarithmic decibel scale. In electronics, the decibel is a convenient way for engineers to describe the input-to-output ratios of either power or voltages. Therefore, in order to quantify the signal qualities of each sample, the SNR dB value of each sample was calculated by using equations (2) and (3) 28 SNR dB ¼ 10 log 10 P signal P noise ¼ P signal, dB À P noise, dB ð2Þ
A higher SNR value is indicative of better signal quality and less noise, which is preferred. For each calculation, 2500 data were taken for one signal transfer. From this raw data, mean SNRs of each sample belonging to each conductive yarn type were calculated for each stage of the welding process. The results of signal analyses were used to evaluate the signal transference capabilities of the samples due to the conductive yarn types and welding parameters.
Statistical analysis
The two-way ANOVA was used for verifying the effects of temperature in the hot air welding process for each welding tape on the linear resistances and SNR values of the welded samples. The verification of null hypothesis was H 0 : s 1 2 ¼ s 0 2 , which assumes that there were no significant differences between the groups analyzed. The F-test with a confidence level a ¼ 0.05 was used for the confirmation of the null hypothesis. 29 The number of measurement repetitions was chosen according to previous preliminary research work. 30 
Results and discussion

Bonding strength results
The obtained results of the measured bonding strengths according to the selected welding parameters are shown in Table 3 .
It can be seen from the results that welded transmission lines at lower temperature and high sealing speed have lower bonding strengths. The observed phenomenon was clearly presented for welded transmission lines welded with welding tape WT2. At both selected welding temperatures (T ¼ 280 C and 300 C) the bonding strengths were higher when the samples were exposed to slower welding processes (sealing speed: 1.5 m/min). The bonding strengths of the welded transmission lines were valid as regular measurements if the fabric and welded tape were divided smoothly without tearing the fabric or the welded tape. It can be seen that the bonding strengths of the welded transmission lines had values within the range of 12.75-17.55 N/5 cm for welding tape WT2. Apart from this, the regular measurements of the bonding strengths of the manufactured welding transmission line samples with welding tape WT1 were obtained only at temperatures of 180 C. However, at temperature 200 C, the separation bonding strength measurements were not seen between the fabric and welding tape; it was observed between the first layer (knitted layer) and the second layer (waterproof film layer) instead of the third layer, as noted in Table 3 . In the mentioned case, the waterproof film was totally stuck on the fabric. Therefore, special attention should be paid to the joining of this welding tape WT1consisting of three layers during the manufacturing of textile transmission lines.
Since the welding technology is being performed in a very similar manner to fusing technology, unpredictable interactions can be expected due to the welding process parameters on bond strength properties of e-textile transmission lines after the welding process. In a study on fusing, the results indicated that with the same fusing parameter, even if the same fabrics are fused with identical fusing interlining, the bond strength results as well as other mechanical and physical properties of fused panels will change. 31 Irrespective of variances among the gained results, the bond strength analysis is sufficient to show the trend of influence of welding parameters on bond strength.
The join between welding tape and fabric, as well as the join between layers of welding tape, should be adjusted from the bonding strength point of view when hot air welding parameters are planned. In that way, the conductive yarns will be better protected, safely hidden and also protected against environmental influences. This is also very important for security during the usages of smart garments.
Conductivity results
Figures 6 and 7 illustrate some of the changes in the linear resistances of conductive yarns when subjected to welding processes. It is apparent from the figures that as the temperature increased, the linear resistances of the conductive yarns generally decreased for both stainless steel and silver-coated polyamide yarns when compared to their original linear resistance values. For instance, the linear resistance of stainless steel yarn no.1 decreased from 75 to 69 V/m (Table 4) and from 75 to 66 V/m (Table 5 ) with welding tape WT1 and welding tape WT2, respectively. However, the more dramatic decrease was observed with silver-coated polyamide yarn no.4 and yarn no.5, which had high linear resistance values of 2000 and 1350 V/m, respectively (see Tables 4 and 5) .
As the temperature increased, only the conductivity of the welded conductive yarn no.3, which has a linear resistance value of less than 10 V/m, stayed almost at the same value, as shown in Tables 4 and 5. In the continuous mode, the sealing speed is taken as weld (sealing) time because the exposure length to the hot air is constant at any given time. As the sealing speed decreased or the exposure time increased, the linear resistances of both the stainless steel conductive yarns and silver-plated polyamide yarns generally decreased also, as seen in Tables 4 and 5 . As the exposure time increases, the amount of energy transmission to the fabric increases, thus resulting in exposure of more heat on those conductive yarns positioned between the two layers and this leads to an increase in the electrical conductivities of the welded transmission lines. Indeed, these trends could be explained by the conductivities of the materials. More specifically, when the weight of the coated conductive yarn is low, this means the amount of coating with conductive material is relatively less, due to the lower amount of conductive material over the surface of the yarn; coated conductive yarn may exhibit higher resistivity, which means a decrease in the conductivity level of the conductive yarn. 32, 33 In our case for instance, yarn no.4 is the silver-coated polyamide yarn with lower weight compared to other conductive yarns and its conductivity level is also lower than others with a higher linear resistance value of 2000 V/m (see Table 1 ). When it is subjected to heat at temperatures greater than 180 C within the hot air welding process, since its conductivity is low it is considerably influenced (see Figure 8) .
However, the ANOVA showed that the influences of welding parameters on the linear resistances of the welded samples with welding tape WT1 and welding tape WT2 were statistically insignificant (Tables 6 and 7) . Thus, it can be concluded that the analyzed hot air welding processes resulted in changes of the linear resistances of the samples when using welding tapes WT1 and WT2 but did not have a significant impact.
Indeed, from the point of view of e-textiles, the conductive yarns with linear resistance of less than 200 V/m are generally preferred for signal transmission. Therefore, it can be said that the obtained results based on conductivity are really promising for the manufacturing of e-textile transmission lines via hot air welding technology.
Signal-to-noise ratio results
Figures 9 and 10 show the SNRs of the welded transmission lines according to the applied velocities. It is evident from the figures that after the welding process the SNR values of the samples generally increased. In particular for welding tape WT1, when the applied sealing speed increased from v ¼ 1.5 m/min to v ¼ 3.0 m/min, the signal qualities of the transmission lines increased. In addition, it was also found that for welding tape WT1 when the applied temperature increased, the SNRs of the welded samples also increased. However, increased temperature during the welding process for welding tape WT2 led to different obtained SNR values. For instance, when the temperature increased from T ¼ 280 C to T ¼ 300 C, yarn no.6 showed a decrease, whereas yarn no.3 showed an increase in SNR values at v ¼ 1.5 m/min (Figure 10 ). Moreover, it can be seen that the higher SNR values were observed with transmission lines, including silvercoated polyamide yarn no.4, for both welding tapes, which had higher linear resistance values and lower weights when compared to other conductive yarns.
In general, with respect to Figures 9 and 10 it can be concluded that after welding, the process transmission lines showed better signal transference capabilities compared to their reference values. This can probably be explained by the shielded electrical cable principle, as it is a known fact that shielded cable conducts an electrical signal using an inner conductor wrapped within an insulated layer. Thus, the signal transmission inside the cable is protected by an outer shell from the electric and magnetic fields outside that cause interference to signals inside the cable. 34 In our case, the coated conductive fibers positioned between the PET/Co fabric and the membrane were held together by adhesion. Therefore, the outer surface of the conductive yarn was hidden within the structure and was wrapped by bonds of membrane and PET/Co fabric together, where it behaves like a shielded cable with a bonded outer shell. In this way, the conductive yarns hidden within the structure may be protected from the noise around and, thus, their signal transferring capabilities may show an increase. In addition to these findings, ANOVAs also showed that the influences of welding parameters on the SNR values of the welded samples with welding tape WT2 were statistically significant (Tables 8 and 9 ). Moreover, with welding tape WT1 at T ¼ 200 C, the variations in sealing speed also influenced the SNR values of the welded samples significantly. Based on these results, it can be concluded that the choice of welding tapes with conductive yarns can cause significant changes in the signal qualities of the welded textile transmission lines. This property, obtained as a result of the welding process, makes the welded transmission lines a good choice for carrying signals.
Conclusions
This paper presented the use of hot air welding technology in order to develop textile transmission lines for e-textile applications. The proposed transmission lines are two-layered fabrics composed of one insulating layer to protect and to hide the conductive yarn within the textile structure from various environmental effects. Different conductive yarn types with different linear resistance values were used to form seams at different welding temperatures and speeds.
The obtained results based on conductivity and signal transference capability are promising for the manufacturing of e-textile transmission lines via hot air welding technology. For all transmission line constructions, welded seams were produced with adequate electrical conductivity properties at certain combinations of parameters. However, it can be concluded that the choice of welding parameters, depending on the materials used for the formations of textile transmission lines, is extremely important for obtaining good electro-conductive properties. In addition, welding tapes and thermoplastic materials play an important role during the set-up of welding process parameters. It was also found that welding tapes with conductive yarns can cause a variety of changes in the signal qualities of welded textile transmission lines. Understanding those hot air welding parameters that influence the electrical properties of a textile transmission line will make it possible to construct reliable and durable transmission lines while preserving the textiles' aspects. Transmission lines including welding tapes with high signal quality and reliable linear resistance enable new options of interconnection for wearable computing applications, smart clothing and interactive e-textile structures. Welding with waterproof welding tapes will additionally enhance the durability of signal lines by protecting them from probable short circuits and water contact. Thus, they may have a high potential application in e-textile circuit designs. However, the hot air welding parameters need to be carefully controlled to avoid excessive melting and polymer degradation.
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